ABSTRACT The cultured murine Leydig tumor cell line MLTC-1 and the normal rat thyroid strain FRTL have adenylate cyclase activities that are stimulated by human chorionic gonadotropin (hCG) and thyrotropin, respectively. Both cell types also respond to choleragen. Activation of adenylate cyclase in membranes by choleragen required NAD whereas stimulation of the enzyme by hormones did not. With [a3.2P]NAD as a donor, ADPribosylation of membrane proteins was determined under the same conditions used to assay adenylate cyclase activity. Under these conditions, choleragen, but not the-hormones, caused the ADP-ribosylation of subunits of the regulatory component (G/F) of adenylate cyclase in both FRTL and MLTC-1 membranes. In the absence of any effectors, several membrane proteins became labeled but the hormones did not cause the specific labeling of these or any other membrane proteins. Pretreatment of intact MLTC-1 cells with hCG did not block the ability of choleragen to ADP-ribosylate G/F in isolated membranes; labeling was actually enhanced in a manner related to the length of exposure to hCG. In contrast, pretreatment of the cells with choleragen inhibited ADP-ribosylation of G/F by the toxin in isolated membranes. Extracts of membranes from untreated, hCG-treated, and choleragen-treated MLTC-1 cells were used to reconstitute adenylate cyclase activity in membranes from the cyc-variant of S49 lymphoma cells which lacks a functional G/F. Toxin but not hormone treatment caused an increase in the basal activity of adenylate cyclase in the reconstituted system. Our results indicate that ADP-ribosylation of the regulatory component of adenylate cyclase is required for choleragen action but not for hormone action.
The enzyme adenylate cyclase is composed of catalytic and regulatory components; the latter binds guanine nucleotides and mediates stimulation of the enzyme by hormones (1) (2) (3) . Much of our current knowledge of the regulatory component (G/F) is based on the mechanism by which choleragen activates adenylate cyclase. The A1 subunit of the toxin is an ADP-ribosyltransferase (4) and catalyzes the transfer of ADP-ribose from NAD to a subunit of G/F (5) (6) (7) (8) . This modification results in a persistent activation of the cyclase. Because both choleragen and the glycopeptide hormones thyrotropin (TSH), lutropin (LH), and human chorionic gonadotropin (hCG) are composed of two subunits and have small regions of amino acid sequence homology (refs. 9 and 10 but see ref. 11) , it had been suggested that the toxin and hormones may activate adenylate cyclase by similar mechanisms (10) . Because the hormones themselves do not appear to possess intrinsic transferase activity (12, 13) , this possibility seemed unlikely. Kohn and co-workers, however, have recently reported (14, 15) that thyroid membranes contain an endogenous ADP-ribosyltransferase activity that is stimulated by TSH and results in the ADP-ribosylation of the same membrane protein that is labeled by choleragen. It had been shown previously that choleragen activates adenylate cyclase in the TSHresponsive rat thyroid cell line FRTL (16) and in the LH/hCGresponsive murine Leydig tumor cell line MLTC-1 (17) .
The work reported here was undertaken to determine if glycopeptide hormones, like choleragen, activate adenylate cyclase via ADP-ribosylation in these glycopeptide hormone-sensitive cell lines.
MATERIALS AND METHODS
Cell Culture. MLTC-1 cells were grown as described (17) . FRTL cells were a generous gift from Hayden Coon and were grown in modified Coon's F-12 medium supplemented as described (16, 18) .
ADP-Ribosylation and Adenylate Cyclase Assays. Cells were homogenized in 10 mM Tris acetate (pH 7.5) by using a Dounce homogenizer with the tight-and loose-fitting pestle for MLTC-1 and FRTL cells, respectively. The homogenate was centrifuged at 400 x g for 5 min and the resulting supernatant was centrifuged at 31,000 x g for 20 min. The pellet was suspended to approximately 1 mg of membrane protein per ml in the same buffer and 50-jud portions were ADP-ribosylated (17) for 10 min (MLTC-1) or 30 min (FRTL) at 370C in the presence of 50 mM Tris acetate (pH 7.5), 5 mM MgCl2, 1 mM EDTA, 1 mM isobutylmethylxanthine, 0.5 mM dithiothreitol, 5 mM phosphoenolpyruvate, pyruvate kinase at 10 units/ml, 0.5 mM ATP, 1 mM cyclic AMP, 0.1 mM GTP, 1 mM thymidine, 0.1% bovine serum albumin, and 10 tLM [a-32P]NAD (3 p.Ci; 1 Ci = 3.7 x 1010 Bq) in a final volume of 100 /.l. 32p incorporation into membrane proteins was measured by NaDodSO4/polyacrylamide gel electrophoresis as described (17) . Adenylate cyclase activity was determined with the same membrane preparation and under the same conditions as ADP-ribosylation except that 2 p.Ci of [a-32P]ATP per reaction was substituted for [a-32P]NAD. Where indicated, NAD was omitted from the incubation buffer. The enzyme assay was completed as described by Salomon (19) . When used as an effector in the membrane assays, choleragen was activated to its A1 subunit as described (17 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (16, 17) , membranes from FRTL and MLTC-1 cells contained adenylatecyclase activities that were stimulated by TSH and hCG, respectively (Table 1 ). There was some variationfrom experiment to experiment, both in absolute activities and in fold-stimulation by the hormones: TSH stimulation varied from 2.3-to 6-fold and hCG stimulation varied from 6-to 21-fold. Both membrane-bound enzymes also were activated by choleragen and NaF. Basal and hormone-stimulated activities were not affected by omitting exogenous NAD from the assay whereas the activation by the toxin was reduced -80%. Thus, there appears to be little if any endogenous NAD present in the membrane preparations.
ADP-ribosylation of membrane proteins was determined under the same conditions used to assay adenylate cyclase activity but with [a-32P]NAD as the donor. In the absence of hormones or choleragen, several labeled proteins were detected in both FRTL and MLTC-1 membranes (Fig. 1, lanes l and 4) . Addition of TSH or hCG to the assay failed to alter the labeling pattern (lanes 2 and 5) even in experiments in which the membranes were heavily labeled (Fig. 1B) . In contrast, choleragen catalyzed the ADP-ribosylation of three similar membrane proteins in both cell types (lanes 3 and 6). The major toxin substrate had an apparent molecular weight of 47,000 ± 1,000 (n = 2) and the minor substrates were 45,000 ± 2,000 and 41,000 ± 2,000, re- spectively. Toxin substrates of similar size, which are believed to be subunits of G/F, have been detected in various cell types (5) (6) (7) (8) (22) (23) (24) . In the absence of membranes, there was no ADPribosylation of the hormones themselves (Fig. 1, lanes 7 and 8) .
Studies on Intact Cells. Both FRTL and MLTC-1 cells accumulate cyclic AMP when exposed to their respective glycopeptide hormones or to choleragen (16, 17) . Because TSH had been reported to stimulate ADP-ribosylation in permeable thyroid cells (13, 22) , we explored the possibility that hormone-mediated ADP-ribosylation of plasma membrane proteins such as G/F might occur in intact cells but not in isolated membranes. Intact MLTC-1 cells were incubated with either hCG or choleragen, and isolated membranes were assayed for further ADPribosylation. In membranes prepared from cells pretreated with ' MOLECULAR WEIGHTS 92.5----66.2 -f hCG for 30 min or 2 hr, the "basal" activity was increased relative to that from untreated cells and added hCG caused no further stimulation (Table 2 ).-This persistent effect of hCG is due to its high affinity (K = 10-10 M) for its receptor (17) ; thus, the hormone remains tightly bound during the preparation and assay of the membranes. If the cells are washed first under acid conditions to remove the bound hormone, this persistent effect is not observed (ref. 25 ; unpublished data). When the cells were incubated for 16 hr with hCG, the basal activity had decreased to control levels and the enzyme was no longer stimulated by hCG. The progressive decrease in hormone stimulation with increased time of exposure of the intact cells to hCG is due to a combination of desensitization and down-regulation (unpublished data). Adenylate cyclase in membranes isolated from hCGtreated cells was still activated by choleragen. When cells were pretreated with the toxin, basal activity was increased 10-fold and the membrane activity was increased further by added hCG as well as choleragen ( Table 2 ). The latter observation suggested that the toxin had not fully activated the cyclase in the intact cells.
As indicated in Fig. 2 (lanes A1-A5), choleragen was able to catalyze the ADP-ribosylation of subunits of G/F in membranes from all of the pretreated cells. Labeling was decreased in membranes from toxin-treated cells; similar results had been observed in toxin-treated S49 lymphoma cells (7) and human fibroblasts (23) . It is clearfrom these latter studies as well as our present results that choleragen catalyzes the ADP-ribosylation of the same subunits of G/F in both intact cells and isolated membranes. Membranes were prepared from MLTC-1 cells treated with no effector (control) or with 2 nM hCG for 10 min or 12 nM choleragen for 2 hr and assayed for adenylate cyclase activity or extracted with cholate. The extracts were used to reconstitute cyc-membranes. Values represent the mean ± SD for triplicate determinations. cyc-membranes by themselves contained less than 1 pmol/mg of protein per 30 min of basal, isoproterenol-, or NaF-stimulated activity.
human fibroblasts pretreated with prostaglandin E1 (24) . It is unlikely that this enhancement was due to an increase in the amount of G/F in membranes from hCG-treated cells because NaF-and 5'-guanylyl imidodiphosphate-stimulated adenylate cyclase activities remained unchanged (data not shown). Regardless of the pretreatment conditions, there was no evidence for hCG-mediated ADP-ribosylation of G/F subunits or other membrane proteins (Fig. 2 , compare lanes B1-B5 with lanes Cl-C5).
Reconstitution of cyc-Membranes with G/F from MLTC-1 Cells. The cye-variant of S49 lymphoma cells lacks a functional G/F but effector-stimulated adenylate cyclase activity can be reconstituted in cycs membranes with detergent extracts containing G/F from another source (20) . We have used this technique to determine whether a persistent modification of G/F occurred during the stimulation of adenylate cyclase in MLTC-1 cells or membranes by hCG or choleragen. When MLTC-1 cells were exposed to 2 nM hCG for 15 min or to 12 nM choleragen for 2 hr, cyclic AMP levels were increased several hundredfold over those of control, cells. Membranes prepared from these cells also had increased adenylate cyclase activity (Table 3) . Cholate extracts prepared from these membraneslacked any detectable cyclase. activity because the extraction procedure inactivates the catalytic subunit but not G/F (20) . When the cholate extracts were used to reconstitute adenylate cyclase activity in cyc membranes (Table 3) , there was no difference in G/F activity from control or hCG-treated MLTC-1 cells. Enhanced (6- (15) .
We detected toxin-specific substrates in both FRTL and MLTC-1 membranes that appear to be similar to subunits, of G/F detected in other cell membranes (5) (6) (7) (8) (22) (23) (24) . In addition, we were able to show that choleragen catalyzed the ADPribosylation of these same subunits in intact MLTC-1 cells. In contrast, we found no evidence for hormone-mediated ADP-ribosylation of the G/F subunits or any other membrane proteins either by direct or indirect methods. Although the membranes appeared to contain some endogenous ADP-ribosyltransferase activity(s), we did not observe any modulation by hormones under conditions that stimulated adenylate cyclase. The ability of choleragen, but not hCG, to modify G/F covalently was confirmed by using the reconstitution assay with S47 cyc membranes. Treatment of MLTC-1 cells or membranes with the toxin, but not the hormone, caused enhanced activity of the extracted G/F used to restore adenylate cyclase to cyc-membranes.
Our results are at variance with two recent studies by others (14, 15) . They reported that.thyroid membranes contain an endogenous ADP-ribosyltransferase activity that is stimulated by TSH. In the presence of TSH, this activity catalyzed the ADPribosylation of -40,000-dalton membrane components that also were substrates for choleragen. We were unable to reproduce their results even though we prepared our membranes without sucrose, reducing agents, or MgEDTA as recommended by them (15). Although we used a different preparation of TSH, it seems unlikely that we would observe stimulation of adenylate cyclase by TSH in the absence of ADP-ribosylation if this latter mechanism is involved in hormone action. Both TSH and hCG have structural similarities and a common a subunit (27) , and they presumably stimulate adenylate cyclase in their respective target cells by a common mechanism. Thus, our findings with the hCG-responsive MLTC-1 cells are complementary to those with TSH-sensitive FRTL cells.
Rapoport and co-workers have suggested that TSH-mediated ADP-ribosylation may be involved in desensitization of the hormone-stimulated adenylate cyclase in thyroid cells (13, 28) . Their most recent results (22) do not support this possibility and confirm our own observations. They found no specific ADP-ribosylation of G/F components by TSH in thyroid cells or modification of G/F activity after prolonged exposure of the cells to TSH. Under these latter conditions, the thyroid adenylate cyclase becomes desensitized to TSH. We also found that continuous exposure of MLTC-1 cells to hCG resulted in desensitization of hCG-stimulated adenylate cyclase followed by-downregulation of hCG receptors without any change in G/F activity (unpublished data).
In summary, our results are in agreement with the concept that choleragen exerts its effect on adenylate cyclase by catalyzing the ADP-ribosylation of G/F. We were unable to find any evidence, however, that the glycopeptide hormones TSH, and hCG stimulated a similar ADP ribosylation in either FRTL or MLT.C-1 cells.
